The correlation-consistent polarized valence basis sets ͑cc-pVXZ͒ for the atoms boron through neon have been extended to treat core and core-valence correlation effects. Basis functions were added to the existing cc-pVXZ sets to form correlation-consistent polarized core-valence sets ͑cc-pCVXZ͒ in the usual pattern: Double zeta added (1s1 p), triple zeta added (2s2 p1d), quadruple zeta added (3s3p2d1 f ), and quintuple zeta added (4s4 p3d2 f 1g). The exponents of the core functions were determined by minimizing the difference between all-electron and valence-only correlation energies obtained from HFϩ1ϩ2 calculations on the ground states of the atoms. With the cc-pCVXZ sets, core, core-valence, and valence correlation energies all converge exponentially toward apparent complete basis set ͑CBS͒ limits, as do the corresponding all-electron singles and doubles CI energies. Several test applications of the new sets are presented: The first two ionization potentials of boron, the 3 P -5 S separation in carbon, and the X 3 B 1 -ã 1 A 1 state separation in CH 2 . As expected, correlation effects involving the core electrons of the first row atoms, B-Ne, are small but must be included if high accuracy is required.
I. INTRODUCTION
It is a well-established axiom of chemistry that the properties of atoms and molecules are largely determined by the valence electrons. This is the organizing principle that underlies the periodic table. Accordingly, most theoretical studies focus on the description of the valence electrons. In calculations that do consider correlation effects associated with the core electrons, the basis sets most often used have been developed to describe the Hartree-Fock wave function and thus may not provide an adequate description of core and core-valence correlation effects. A recent article by Taylor   1 concludes with a set of maxims regarding the pursuit of accurate ab initio results. On the subject of core-valence correlation, he writes: ''For the very highest accuracy, the effect of at least core-valence correlation should be explored. This must be accompanied by some serious effort to extend the basis so that core-correlating functions are included. Using valence-optimized basis sets and including core correlation is not only a waste of computer time, but a potential source of problems... This point is not well appreciated: the prevailing view appears to be that no harm can come of correlating the core when the basis set is inadequate. This is not so.' ' Although there have been sporadic efforts to quantify the magnitude of core and core-valence correlation effects and the role of basis sets in describing these interactions, there has been no systematic treatment of the construction of basis sets designed specifically for this purpose. The goal of the present work is to establish a definitive strategy for constructing basis sets for all-electron calculations on the first row atoms and to examine the basis set dependence of core and core-valence contributions to the structure and energetics of small molecules. With these sets it will be possible to distinguish errors due to the methodology ͑coupled cluster, perturbation theory, configuration interaction͒ from those due to the use of incomplete basis sets.
Dunning and co-workers 2 have developed families of basis sets optimized for correlated calculations on the valence electrons of atoms and molecules. The original collection of sets for H and B through Ne ͓Ref. 2͑a͔͒ has been expanded to include Al through Ar ͓Ref. 2͑c͔͒ and He.
2͑d͒ Sets for Li, Be, Na, and Mg will soon be available, 3 and work on sets for third-row main group atoms is currently underway. Correlation consistent basis sets are readily extended to treat new classes of problems. Given a suite of valence basis sets ͑cc-pVXZ, Xϭ2,3,...͒ with well-behaved convergence behavior, it is straightforward to add additional functions in order to describe, for example, electron affinities, 2͑b͒ polarizabilities, 2͑d͒ or other selected atomic and molecular properties 2͑d͒ ͑augmented basis sets or aug-cc-pVXZ, d-augcc-pVXZ, etc.͒. The present work introduces correlationconsistent polarized core-valence ͑cc-pCVXZ͒ basis sets for B through Ne. The basis set requirements for accurately describing core and core-valence correlation effects are determined, and the extended sets are used to study a number of standard test cases.
As noted by Bauschlicher et al., 4 core and core-valence correlation effects generally become important only when one is concerned with relatively small errors in energetics or spectroscopic constants ͑with some exceptions, such as species containing alkali or alkaline earth metals͒. 5 In performing benchmark calculations on diatomic species with the valence correlation consistent sets, 6 bond energies were consistently underestimated by a few kilocalories per mole and bond lengths were too long by several thousandths of an angstrom. This was the intrinsic error present even at the estimated complete basis set ͑CBS͒ limit for valence-only calculations employing the multireference configuration in-teraction ͑MRCI͒ method. With the valence-only behavior firmly established, core-valence basis sets can now be used to definitively determine the incremental impact of core and core-valence correlation on bond lengths, dissociation energies, and other molecular properties.
Two preliminary atomic test cases are studied here: the first two ionization potentials of the boron atom and the separation between the 3 P and 5 S states of atomic carbon. Bauschlicher et al. 4 and Sasaki and Yoshimine 7 noted the difficulty in distinguishing errors due to core correlation effects from those due to a given correlation treatment. As we shall demonstrate, the ability to examine the basis set dependence of a given property in a systematic manner essentially resolves this conundrum. For atoms, we are able to use large one-electron basis sets and still perform extensive correlation calculations, e.g., singles and doubles CI based on a reference wave function formed from an extended active space ͑MRCI͒ or coupled cluster calculations with perturbative treatment of triple excitations ͓CCSD͑T͔͒.
One molecular case has also been examined, the X 3 B 1 and ã 1 A 1 states of CH 2 . Of particular interest is the change in the equilibrium state separation, T e , when one properly accounts for core and core-valence correlation effects. The effect of these contributions on equilibrium structure is also of interest. Here we have compared the new restricted coupled-cluster method of Knowles, Hampel, and Werner ͓RCCSD͑T͔͒ 8 with the contracted multireference ͑full valence complete active space͒ configuration interaction method. A study of the impact of core and core-valence correlation effects on the energies and spectroscopic constants of the first row homonuclear diatomics B 2 through F 2 will appear separately.
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II. METHODOLOGY
The MOLPRO program suite has been employed exclusively in this work. 10 To determine the optimum exponents for the core/core-valence functions atomic configuration interaction ͑singles and doubles CI, CISD͒ calculations were performed using an SCF wave function state-averaged over the three degenerate HF configurations ͑with the exception of N, where there is no degeneracy͒. The degeneracy is not strictly enforceable on the CISD wave functions; however, the effect of symmetry breaking is expected to be small. Internally contracted 11 multireference CI ͑CMRCI͒ calculations starting from various multiconfigurational selfconsistent field ͑MCSCF͒ reference functions 12 were carried out for the atomic test cases; the multireference form of the so-called Davidson correction ͑denoted as CMRCIϩQ͒ 13 was employed for CH 2 . All of the test cases also included coupled cluster calculations ͓CCSD͑T͔͒, 14 using the new spin-restricted RCCSD͑T͒ 8 method for open-shell states. Spherical contractions of the (d f gh) functions were used. The atomic Hartree-Fock (1s,2s,2p) orbitals are generally contracted; 15 all other functions are single Gaussian primitives.
III. CORE AND CORE-VALENCE CORRELATION IN OXYGEN
As in the study of valence correlation in the first row atoms, 2͑a͒ the prescription for developing basis sets for describing core and core-valence correlation will be presented using oxygen as an example. The other atoms behave similarly. Since the general principles of the methodology have been described in detail previously, 2 only notable particulars will be discussed here.
When both core and valence electrons are correlated, there are excitations from the core orbitals ͑CC or KK terms͒ and from the valence orbitals ͑VV or LL terms͒, as well as intershell excitations ͑CV or KL terms͒. A family of basis functions could, in principle, be optimized 16 for each set of interactions. In terms of the radial density of the optimal correlating functions, the optimum CC and VV functions would be expected to bracket the appropriate radial peaks of the core and valence orbitals, respectively. The optimal functions for the CV contributions, on the other hand, are expected to be concentrated in the region between the maxima in the core and valence orbitals. When small CC and VV sets are used, the CV region is rather poorly described. However, as the CC and VV sets become larger, the two sets of functions begin to merge and the coverage of the CV region becomes more and more complete. This argument suggests that it may not be necessary to include functions optimized for CV correlation terms in the limit of a complete basis set. As we shall see below, this is also true, within limits, even for finite basis sets.
To determine the best scheme for optimizing a set of functions for describing both core and core-valence effects, we explored three different approaches:
͑1͒ minimization of the core (1s 2 ) correlation ͑CC͒ energy, ͑2͒ minimization of the core plus core-valence correlation ͑CCϩCV͒ energies, and ͑3͒ minimization of the difference between all-electron and valence-only correlation energies.
Strategy ͑1͒ allows us to determine the sensitivity of CV effects on the basis set, while ͑2͒ and ͑3͒ explicitly include such terms in the optimization process. Because of program restrictions only double excitations could be included in ͑1͒ and ͑2͒. Although double excitations are expected to dominate the correlation contribution, in nonspherical atomic states, such as O( 3 P), the effect of single excitations can be non-negligible. The effect of single excitations is included in ͑3͒.
An issue of particular importance here is the ability of the small, finite basis sets to describe both core and corevalence correlation contributions. Although smaller in magnitude than the core correlation energy, core-valence correlation effects are expected to account for most of the discrepancy in dissociation energies, spectroscopic constants, etc. between valence and all electron calculations. Thus, one would prefer a basis set sequence where the smaller sets, cc-pCVDZ or cc-pCVTZ, recover a substantial fraction of the complete basis limiting value for core-valence correlation rather than one which strictly emphasizes recovery of core correlation energy. In this regard, one might anticipate that method ͑1͒, which does not directly address CV correlation, might be much less satisfactory in this respect, while the other two schemes would tend to yield exponents that better describe both core and core-valence contributions.
A. Treatment of core-only correlation effects: Method (1)
In scheme ͑1͒ the exponents of the core correlation functions were determined by minimizing the energy of the HF ϩ1ϩ2 wave function constructed from double excitations out of the 1s 2 configuration only. In this approach we ignored the coupling between the basis functions for the CC and VV terms, i.e., the optimizations were performed in the absence of valence correlation functions. The procedure is therefore analogous to optimizing functions for He: start with a large sp set contracted to describe only the HF wave function, then optimize correlation polarization functions in one step and s correlation functions subsequently.
To determine an optimum set of polarization functions, (pd f g), the (14s8p) primitive set from the cc-pV5Z set for oxygen was initially contracted to a base set of (9s1 p). The eight most diffuse s primitives were left uncontracted. Series of basis function groups were then added: (1p) through (4 p) to the base set, (1d) through (3d) to the base set augmented with the (4p) set, and so on, and the even-tempered parameters ͑␣,␤͒ for the groups optimized ͑ n ϭ␣␤ nϪ1 , nϭ1,2,...͒. The incremental changes in correlation energy ͉⌬E corr ͉ are plotted in Fig. 1 . The convergence behavior is monotonic, just as in the case of valence-only correlation. The figure also depicts the correlation consistent groupings, (1p), (2p1d), (3p2d1 f ), and (4p3d2 f 1g), which are exactly the same as those adopted for H and He. The separations between the groups are quite distinct and the variation within each group is small.
A base set of (14s8 p)/[2s1p] plus the (3 p2d1 f ) polarization set from above was selected for the optimization of the s correlation functions. Exponents for sets of functions ranging from (1s) through (4s) were optimized. The incremental correlation energy changes are shown in the inset in Fig. 1 . There is a much larger change between the (1s) and (2s) sets than between the larger (ns) sets, which decrease monotonically from nϭ2 through nϭ4.
As in H and He, the (1s) set is paired with (1p) to form the group of functions that would be added to the cc-pVDZ set to form the cc-pCVDZ set, when method ͑1͒ is adopted. The other groupings follow sequentially: (2s2 p1d) would be added to the cc-pVTZ set to form the cc-pCVTZ set, and so on. The exponents of the correlating functions obtained in this way are plotted in Fig. 2 . As is evident in this figure, the gap between the core and valence exponents, which is quite substantial in the cc-pCVDZ set, narrows as the set become larger. In the limit X→ϱ, the cc-pCVXZ sets obtained by method ͑1͒ will clearly cover all of the important spatial regions. However, one problem with this scheme becomes evident with the larger groups: There is no way to prevent contention between the new core exponents and existing valence functions. In particular, note that the (4s) valence and core exponent sets are beginning to edge very closely together.
The correlation consistent core-valence sets of double through quintuple zeta quality determined in this manner were used to calculate CC, CV, and VV correlation energies ͑CID only͒ for oxygen. The results of these calculations are tabulated in Table I͑B͒ and depicted in Fig. 3 ͓Table I͑A͒ The correlation consistent groupings of polarization functions, namely, DZ (1p), TZ (2p1d), QZ (3p2d1 f ), and 5Z (4p3d2 f 1g), are evident. These groupings are combined with the appropriate (ns) sets and the respective cc-pVXZ sets to form the core-valence sets ͑cc-pCVXZ͒.
FIG. 2. Exponents of the optimal correlation functions for describing the 1s
2 pair in oxygen, ͓method ͑1͔͒, as well as the exponents of the correlation functions from the valence-only cc-pVXZ sets.
gives the corresponding energies determined with the valence basis sets͔. Both the core and core-valence correlation energies converge exponentially as, of course, does the VV energy. Figure 3 also dramatically illustrates the relative magnitudes of the three contributions. At the CISD level, there is over 200 millihartrees (mE h ) of correlation energy in the O atom. Only 9.5% of this is due to CV correlation effects, while 19.7% is due to the CC terms; the remaining 70.8% is due to VV effects. Although the cc-pCVDZ set obtained via method ͑1͒ recovers 73% of the CC correlation energy at the estimated complete basis set ͑CBS͒ limit, it only recovers 34% of the CV limit and 61% of the VV limit. The cc-pCVTZ set does far better, accounting for 91% and 71% of the CC and CV CBS limits, respectively, and 87% of the VV CBS limit.
B. Treatment of core and core-valence correlation effects: Method (2)
In scheme ͑2͒ we optimized the exponents of the correlating functions to maximize the CC plus CV ͑doubles only͒ correlation energies ͑or KKϩKL energies͒. Although we neglected the coupling between the core and valence basis sets when only core correlation effects were treated, the full valence sets had to be included in the calculations when corevalence effects are explicitly considered. As a check on the interaction between the core and valence sets, we optimized a series of (spd f g) functions for both the cc-pVTZ and ccpVQZ sets. The coupling between the optimized core functions and the valence base set is very pronounced. For example, the ␣ values from our even-tempered expansions for the (1s), (2s), and (3s) series are 5.926, 5.156, and 4.750 for the cc-pVTZ set and 7.532, 7.879, and 6.643 for the cc-pVQZ set. Changes of 25% to 50% are common across the whole body of functions. Although the energies are rather insensitive to changes in the exponents, it is clear that the core functions must be optimized in the presence of the valence set with which they will be grouped.
The CC, CV, and VV correlation energies for scheme ͑2͒, obtained by adding the appropriate core sets to the corresponding valence sets, are given in Table I͑C͒ . For these estimates the exponents for the core sets are those obtained from the calculations with the cc-pVQZ set. In general, there is a shift of energy from CC into CV with little change in VV. The CV contribution at the triple-zeta level has improved by slightly more than 0.5 mE h . Interestingly, there is no improvement in the CV correlation energy at the ccpCVDZ level. Since nearly 2 mE h are lost from the CC pair for this set, scheme ͑2͒ is less satisfactory than method ͑1͒ for the smallest set. Overall, the cc-pCVTZ set is only modestly better than that obtained with method ͑1͒.
C. Full treatment of core and core-valence correlation effects: Method (3)
The final method incorporates lessons learned from the first two approaches. In scheme ͑3͒ we optimized the expo- nents of the correlating functions by maximizing the core plus core-valence correlation energy obtained from E corr ͑coreϩcore-valence)ϭE SDCI ͑ 8e; all electron͒ ϪE SDCI ͑ 6e; valence electron͒ ͑1͒ subject to the following conditions: ͑1͒ The function groupings were added in the same manner as in method ͑1͒.
͑2͒ The core functions were optimized in the presence of the appropriate valence sets.
͑3͒ Both single and double excitations were included in the optimizations.
The first condition ensures that a large measure of correlation consistency will be maintained for the core correlation energy. The second allows for interaction between the core and valence functions, and the third allows first-order correlation effects to influence the exponents of the core functions. Although the latter effect is expected to be small for the first row atoms, it may well be significant for atoms further down in the periodic chart, especially the transition metals which possess open-shell nd orbitals that are in the same region of space as the closed-shell ''core'' ns and np orbitals.
It is perhaps worthwhile to note that it is difficult, and at times impossible, to determine core correlating functions by optimizing E SDCI (8e). As noted above, approximately 70% of the correlation energy of the oxygen atom is valence shell correlation. There is, therefore, a strong tendency for new functions to drift into the valence region rather than stay in the core region, especially for the smaller valence basis sets. By optimizing the difference of the all-electron and valenceelectron energies, rather than E SDCI (8e), the core functions remain where they are intended.
After optimizing the exponents for the core correlation functions in the cc-pCVXZ sets using this approach, the CC, CV, and VV correlation energies were calculated ͓Table I͑D͔͒. The calculated correlation energies converge exponentially, a trait whose exploitation has proven to be very useful for the valence sets. Scheme ͑3͒ produced the best ccpCVTZ set; this set now recovers 82% of the estimated CV limit and 88% of the CC and VV limits. Once again, however, the results obtained with cc-pCVDZ are largely insensitive to which method is used; this set is simply not flexible enough to simultaneously describe both CC and CV correlation effects.
The optimized core exponents are shown, along with the existing valence functions, in Fig. 4 . With the exception of the s functions, there is a distinct shift toward the valence region. The s functions become somewhat tighter, reducing the contention evident in Fig. 2 .
In determining the valence-only sets it was possible to uncontract functions from the HF primitive sets to describe (sp) correlation effects. Table II details the errors introduced when various substitutions are made for the optimized core sp exponents of oxygen. Closer matches occur between optimized and existing exponents for s than for p functions. As a rule, tighter p functions than those already present in the HF sets are necessary for describing core-valence correlation. Although a case could be made for uncontracting existing HF primitives, because correlation effects involving the core electrons are so small, we have chosen to emphasis accuracy over computational efficiency and have included the optimal s and p functions in the cc-pCVXZ sets.
Uncontracting some or all of the tighter functions in a HF set has been a common means of modifying a valence basis set for describing core and core-valence correlation effects. Although this might serve as an acceptable compromise, it should be done with caution. A case in point: uncontracting the next tightest p function of the cc-pVDZ set ͑ ϭ1.046͒ is a poor substitute for the optimized exponent ͑ ϭ26.056͒-there is a loss of 16.2 mE h in the CCϩCV correlation energy. In fact, the largest p-exponent in the ccpVDZ set ͑ϭ17.706͒ is still substantially less than the optimum exponent and results in an error of nearly 2 mE h . Section IV describes the sets for B through Ne and includes discussion of the convergence behavior and recovery of correlation energy at the CISD level and with other methods.
IV. cc-pCVXZ BASIS SETS FOR BORON THROUGH NEON
Functions appropriate for describing the contributions of the core electrons to the correlation energy were determined for the first row atoms B through Ne using the approach outlined in Sec. III C. The composition and size of the ccpCVXZ sets are given in Table III; Table IV lists the optimum exponents for the groups of core correlation functions that are added to the cc-pVXZ sets to form the cc-pCVXZ sets. Table V the complete basis set ͑CBS͒ limits were determined using the function
where X is the cardinal number of the basis set and A is the property of interest. The CBS limits for the correlation energies ͉E corr ͉ were computed in two ways: As direct extrapolations of the double through quintuple zeta correlation energies and as the difference between the CBS limits for the HF ͑E HF ͒ and CISD ͑E HFϩ1ϩ2 ͒ energies. Both approaches yield nearly identical results. The penultimate entry in the table indicates the difference between the valence only correlation energy determined using the cc-pVXZ and cc-pCVXZ sets. The core correlation functions make non-negligible contributions to valence correlation, particularly for the O, F, and Ne. This is not unexpected since the valence orbitals penetrate into the core region. In Ne the improvement is over 3 mE h even at the quadruple-zeta level, although this amounts to less than 1% of the total estimated valence correlation energy. In computing energy differences the contribution of the core correlation functions to the valence correlation energy may, of course, largely cancel.
Our values for the all electron correlation energies compare very favorably with the large basis results of Sasaki and Yoshimine, 7 which are also included in Table V . These authors utilized Slater-type functions through lϭ6 ͑i functions͒. In each instance our cc-pCV5Z energies are slightly better than the ones reported in Ref. 7 , and the extrapolation to the CBS limit further improves these results. The agreement is very good considering that ͑i͒ there will usually be some error associated with internal contraction even in atoms, ͑ii͒ we were not able to enforce the full atomic symmetry on the CI wave function, and ͑iii͒ Sasaki and Yoshimine 7 did not optimize the exponents of the polarization functions that they used.
Table VI compares the performance of the cc-pCVXZ sets against empirical 17 estimates for all electron correlation energies. Figure 5 depicts the fraction of the correlation energy recovered by the four sets using the RCCSD͑T͒ method. Improving the basis set quality dramatically improves the fraction of the correlation energy recovered and, at the same time, substantially dampens the variation of this quantity for the sequence of atoms considered. Where there is a 20 percentage point change in ͑E corr calc /E corr emp ͒ between B and Ne at the cc-pCVDZ level, there are only seven, three point and one point variations for the cc-pCVTZ, cc-pCVQZ, and ccpCV5Z sets, respectively. In addition, the single-reference RCCSD͑T͒ method performs exceptionally well at describing the correlation energy of these atoms: The cc-pCV5Z sets TABLE III. The composition and size of the cc-pVXZ and cc-pCVXZ basis sets for the first row atoms, B-Ne. Only the core correlation functions added to the cc-pVXZ sets are noted in the cc-pCVXZ column. N V is the number of functions in the cc-pVXZ set and N CV is the number of functions in the cc-pCVXZ set.
recover 97.6% ͑Ne͒ to 98.6% ͑B͒ of Veillard and Clementi's 17 empirical total correlation energies, while the estimated CBS limits recover 99Ϯ0.6%. We do not yet have sufficient data to know whether this is indicative of the inherent accuracy of the CCSD͑T͒ method or is somewhat fortuitous.
V. APPLICATIONS
Three applications of the new correlation consistent core-valence basis sets were selected. Other studies will be reported later. 9 Since our aim here is to obtain unambiguous values for the core and core-valence contribution to various properties, we will principally compare valence electron ͑VE͒ and all electron ͑AE͒ calculations each employing the cc-pCVXZ sets. Comparing VE/cc-pVXZ with AE/ccpCVXZ energies is also of pragmatic value, since most VE calculations are likely to use just the cc-pVXZ sets. It is also of interest to examine how well ͑or poorly͒ the cc-pVXZ sets perform at the task of recovering the changes in atomic and molecular properties resulting from inclusion of all of the electrons. To eliminate doubling the size of the tables, the trends in the VE/cc-pVXZ and AE/cc-pVXZ behaviors will be shown graphically only for one representative level of theory and for the two atomic test cases.
A. Ionization potentials of boron
Core and core-valence effects are expected to be largest for atoms on the left side of the periodic chart, so our first 18 Due to the small magnitude of the finestructure splitting of the ground state, it is not necessary to adjust the experimental value to remove the effect.
The most accurate calculations, CAS(2s2sЈ2p2pЈ3d) ϩ1ϩ2, 19 yield cc-pCVXZ CBS limits of the two IP's of 8.294 and 25.155 eV, respectively, which differ from experiment by only Ϫ0.002 and ϩ0.006 eV, respectively. A comparison between the VE and AE CBS limits indicates that inclusion of core and core-valence correlation effects improve the IP's by 0.041 and 0.030 eV. The HFϩ1ϩ2 calculations show different trends. The errors in the two IP's ͑AE/ cc-pCVXZ͒ are Ϫ0.051 and Ϫ0.099 eV. The effect of including core and core-valence correlation ͑AE versus VE CBS limits͒ results in changes of ϩ0.049 and Ϫ0.068 eV. The errors for the intermediate-sized reference function, CAS(2s2p), are Ϫ0.050 and ϩ0.005 eV; the only significant change is in the second IP, which indicates that the improvement due to using the extended active space is confined to B( 3 P) and B errors in the two IPs of Ϫ0.011 and ϩ0.005 eV. Figure 6 depicts the convergence behavior of the first IP of B for the cc-pVXZ and cc-pCVXZ sets and both VE and AE correlation at the CAS(2s2sЈ2p2pЈ3d)ϩ1ϩ2 level. There is surprisingly little difference between the ability of the valence-only and all-electron sets to recover the full corevalence correlation contribution to the first IP as indicated by the near coincidence of the two upper curves, although there is more scatter for the former. Two caveats must be noted: The absolute energies are very different, and the AE/ccpVXZ series does not converge as smoothly as the AE/ccpCVXZ series.
B. The 3 P -5 S separation in carbon
The separation between the 3 P and 5 S states of carbon has been used as a test case in previous studies of the importance of core and core-valence correlation. 4 Basis set, correlation level, and core and core-valence effects all potentially make important contributions to the accurate prediction of excitation energies. As in the boron test case, we calculated the 3 P -5 S separation by performing single-and multireference CI calculations with three different reference functions as well as the RCCSD͑T͒ method. As above, both VE and AE calculations were run with the cc-pCVXZ sets. The results are summarized in Table VIII . The experimental value given in the table ͑4.179 eV͒ reflects a small adjustment of Ϫ0.004 eV to remove the fine-structure splitting present in the measured value of 4.183 eV ͑Ref. 18͒ that is not included in our nonrelativistic calculations.
The most accurate CI wave function, CAS(2s2sЈ2 p2 pЈ3d)ϩ1ϩ2, yields CBS limits of 4.185 eV ͑VE/cc-pCVXZ͒ and 4.151 eV ͑AE/cc-pCVXZ͒. The VE value actually ͑slightly͒ overshoots the experimental separation. The AE result falls 0.029 eV short, which is as expected-the correlation energy of the 5 S state is expected to be substantially smaller than that of the 3 P state. The net effect of including core and core-valence correlation is to reduce the separation by 0.034 eV.
The other methods perform with varying success. The AE/RCCSD͑T͒ CBS limit is only 0.013 eV smaller than the excitation energy from the large MRCI calculation. The CI TABLE V. Valence only ͑V͒ and all electron ͑all͒ correlation energies for B through Ne. Total energies at the HF ͑E HF ͒ and CISD ͑E HFϩ1ϩ2 ͒ levels of theory are in E h ; ͉E corr ͉ is in mE h . Also given are the differences between the valence only correlation energies determined using the cc-pCVXZ sets and the corresponding cc-pVXZ sets [⌬͉E corr ͉(V)]. Complete basis set limits for correlation energies use the extrapolated total energies. The CISD results of Sasaki and Yoshimine ͑Ref. 7͒ are given for purposes of comparison.
Species
Basis calculations based on the HF and CAS(2s2 p) references do much more poorly, the calculated excitation energies falling short of the above result by 0.121 and 0.067 eV, respectively. The differences between the AE and VE limits are HFϩ1ϩ2 ͑0.059 eV͒, CAS(2s2p)ϩ1ϩ2 ͑0.053 eV͒, and RCCSD͑T͒ ͑0.026 eV͒. The basis set dependence for two of the methods is depicted in Fig. 7 . The convergence rates for AE and VE calculations are somewhat different, although the shapes of the curves are quite similar. The AE calculations converge more quickly. For the CAS(2s2sЈ2p2pЈ3d)ϩ1ϩ2 wave function, unlike HFϩ1ϩ2, the AE and VE curves cross ͑at the triple zeta level͒. Actually, HFϩ1ϩ2 is the only case where the curves don't cross. For CAS(2s2 p)ϩ1ϩ2, the crossing occurs near the DZ level, while for RCCSD͑T͒, it happens midway between the TZ and QZ levels. As others have pointed out previously, there is a great deal of interdependence between core and core-valence effects and the correlation treatment. However, the basis set dependence is straightforward and consistent across all the methods, and the variation with regard to core and core-valence correlation versus correlation treatment is due to the relative positions and crossing point of the two curves.
Finally, Fig. 8 is a plot for carbon analogous to Fig. 6 for boron. The convergence behavior now shows more variation than exhibited in the previous example. Although the AE/ccpVXZ treatment appears to recover a similar core-valence contribution in the CBS limit, it converges more slowly than AE/cc-pCVXZ. Also, as in boron, the absolute energies again converge somewhat erratically.
C. X 3 B 1 -ã 1 A 1 separation in CH 2
The final application considered here is the singlet-triplet separation of methylene. Calculations were performed for both the VE/cc-pCVXZ and AE/cc-pCVXZ cases at three levels of theory: RCCSD͑T͒, CMRCI, and CMRCIϩQ. Thirteen points in the vicinity of the minimum were fit to an analytic function to generate a local representation of the potential energy surface and then analyzed to ascertain the geometry and energy of the minima. The program SURFIT 20 was employed to accomplish this task.
All of the computed quantities of the X 3 B 1 and ã 1 A 1 states-energies, equilibrium geometries, and the equilibrium separation T e -are given in Table IX . Estimated CBS limits for the energies and structural parameters are very well behaved; the CBS limits for T e were computed from the limits for the energies rather than by extrapolating T e itself. McLean et al. 21 reported an experimental value of 0.402 Ϯ0.004 eV for T e . In the estimated CBS limit for VE correlation, the RCCSD͑T͒, CMRCI, and CMRCIϩQ methods predict separations of 0.392, 0.379, and 0.371 eV, respectively, which yield intrinsic errors of Ϫ0.010, Ϫ0.023, and Ϫ0.032 eV. When the core electrons of carbon are also cor- to be 0.018 eV, which is quite similar to the contribution at the CMRCI/cc-pCV5Z level ͑0.019 eV͒ and only 0.002 eV below the predicted CBS limiting value.
VI. CONCLUSIONS
Correlation consistent polarized core-valence ͑cc-pCVXZ͒ basis sets have been determined for the atoms boron through fluorine. The method that we adopted for determining core-valence sets for B-Ne incorporates three features: ͑i͒ functions to describe ͑coreϩcore-valence͒ correlation effects were added in a correlation consistent manner that is exactly analogous to the groups added to H and He, ͑ii͒ the exponents for these functions were optimized in the presence of the appropriate valence set, and ͑iii͒ both core and core-valence correlation effects were taken into account in the optimization. The exponents for the ͑core-coreϩcore-valence͒ correlation functions were determined by optimizing the difference between the all-and valence electron correlation energies. Atomic calculations show that the resulting basis sets provide an efficient and effective means of treating core and core-valence effects.
Two atomic test cases, the first two ionization potentials of boron and the 3 P -5 S separation of carbon, were investigated. RCCSD͑T͒ and three internally contracted MRCI methods ͓HF, CAS(2s2 p), and CAS(2s2sЈ2p2pЈ3d)͔ were used to compute these quantities. The inclusion of corevalence correlation improves all of the computed energies, but it is also evident that a very accurate treatment of the correlation problem is important. The intrinsic errors in the most accurate calculations of the IP's of B are only Ϫ0.002 ͑I͒ and ϩ0.006 ͑II͒ ͓CAS(2s2sЈ2 p2 pЈ3d)ϩ1ϩ2͔. For the 3 P -5 S separation of C, the best calculation ͓also CAS(2s2sЈ2 p2 pЈ3d)ϩ1ϩ2͔ possesses an intrinsic error of 0.029 eV with respect to experiment. Test calculations were also performed for methylene. Core-valence correlation contributes 0.018 to 0.020 eV to the equilibrium separation (T e ) between the X 3 B 1 and ã 1 A 1 states for the three correlation methods considered here ͓RCCSD͑T͒, CMRCI, and CMRCIϩQ͔. The intrinsic error ͑based on the estimated complete basis set limit͒ for the CMRCI method with all eight electrons correlated is only Ϫ0.003 eV with respect to the experimental value of 0.402 Ϯ0.004 eV ͑Ref. 21͒. RCCSD͑T͒ overshoots by 0.008 eV, while CMRCIϩQ ͑Davidson-corrected͒ undershoots by 0.013 eV. The inclusion of core and core-valence correlation decreases the bond lengths of both states by 0.002 Å and increases the bond angle by 0.2°.
Core and core-valence correlation effects account for small, but significant sources of error in the quantum chemical description of atomic and molecular systems. Different correlation methods may exhibit very different behavior for the same species, and incomplete basis sets make it difficult to distinguish basis set effects from methodological differences. The present core-valence basis sets appear to systematically converge toward the complete basis set limit and, thus, enable definitive studies to be made of the effect of correlating the core electrons of the first row atoms on atomic and molecular properties. This provides yet another tool to improve the predictive capability of ab initio calculations. The new core-valence correlation consistent basis sets are available by anonymous ftp 22 or the World Wide Web. 
